anisms that act upstream of asymmetric gene expression, however, remain poorly characterized. Thus, our work has focused on pursuing the determining mechanisms backward from the point of asymmetric gene expression. 
Results
in the absence of other defects ( Figure 1A and Supplemental Table S1 available , and lansoprazole (Sanders et al., 1992 ) exhibited 30%, 42%, Experimental Procedures) of each compound that were titered to sufficiently low concentrations to permit absoand 51% incidences of heterotaxia, respectively. In contrast, Na ϩ /H ϩ exchanger blockers such as amiloride lutely normal embryonic development and morphogenesis of the heart and gut other than situs anomalies. The (Harris and Fliegel, 1999) , ethylisopropylamiloride (EIPA; Pizzonia et al., 1996) , and cariporide (Mathur and Karnormal dorsoanterior development (dorsoanterior index, DAI, of 5) and normally spaced eyes of the treated emmazyn, 1997) had only a very modest or no effect (6%, 4%, and 1% incidences of heterotaxia, respectively). bryos indicate that the effects on LR asymmetry described below are not the consequence of compromised Likewise, treatment with the Na ϩ /K ϩ -ATPase inhibitor ouabain (Croyle et al., 1997) or the mitochondrial dorsoanterior patterning. Embryos were allowed to develop in solution until stage 16, at which point they were F-ATPase inhibitor aurovertin (Weber and Senior, 1998) induced only 8% and 1% incidences, respectively. Thus, washed extensively and cultured in 0.1ϫMMR until stage 45. At that stage, anesthetized tadpoles were the pharmacological profile strongly implicates H ϩ /K ϩ -ATPase activity in LR axis orientation. scored visually for the situs of the heart, gut coiling, and Visceral organs of treated Xenopus embryos develgallbladder. A defect in the laterality of any of those oped asymmetrically, but with either normal or LR rethree organs was scored as an instance of heterotaxia.
versed anatomy (Figures 1C-1G ). Note that the heads Figure 1A summarizes a sample of the data resulting of treated embryos developed normally, with widely from the pharmacological screen. The maximum level spaced eyes. Head and eye anatomy are sensitive indiof heterotaxia theoretically possible from the randomcators of early dorsoanterior patterning; thus, the condiization of three organs is 87.5% if each occurs indepentions of the assay did not alter dorsoanterior pattern. dently. Lower incidences are generally observed beAlthough LR reversal of the viscera (situs inversus) was cause situs of an individual organ can be influenced by observed frequently, individual reversals of the heart, that of adjacent organs [e.g., disturbances in gut rotation as well as reversal of gut and gallbladder together were correlate with an inversion of gallbladder situs (Casey, also common (Supplemental Table S1 available at above 1998)] and the drug doses, which were chosen to prewebsite) and similar for the three drugs. Thus, disruption clude defects that might secondarily affect situs (such of H ϩ /K ϩ -ATPase activity resulted in heterotaxia (discoras effects on dorsoanterior patterning), are likely to be dant asymmetry of visceral organs), rather than situs suboptimal for perturbing laterality. Untreated control inversus or isomerism (loss of asymmetry). Similarly, embryos exhibit approximately 1% incidence of heterochick embryos treated by injection of lansoprazole, taxia. Numerous compounds were found to have no omeprazole, or SCH28080 into the albumin prior to incuspecific effect on LR asymmetry, including spermine, bation and maintained in ovo until HH stage 15 had p-chloromercuribenzenesulphonate (PCMB), amantafrequent heart reversals but were otherwise anatomidine, indanyloxyacetic acid (IAA), 5-nitro-2-(3-phenylcally correct [Figures 1H and 1I; 0% of untreated empropylamino)benzoic acid (NPPB, PAA), tetrodotoxin, bryos (n ϭ 62) and 14% of injected embryos (n ϭ 28) veratridine, quinidine, lanthanum, and amiodarone. Table S2B available at above website). Interestingly, for Wnt8C, the incidence been proposed, for instance, that head turning is influenced by the direction of heart looping (Waddington, of embryos with absent exceeded that with bilateral expression, but for Shh and fgf8, bilateral expression pre-1937) and, by extension, the Shh-Nodal-Pitx-2 pathway. We have previously shown, however, that caronte/ dominated in affected embryos. In addition, the incidence of absent or bilateral expression exceeded unilateral rightcCerberus (referred to here as car) is asymmetrically expressed in the left LPM and head mesenchyme but sided expression of genes normally transcribed on the left in the chick, whereas unilateral right-sided expression that it is regulated by Nodal only in the head and not in the LPM (Zhu et al., 1999). As car is the only known genetic marker of head polarity in the chick, we used it to ask whether H ϩ /K ϩ -ATPase function affects both the head and LPM domains or acts primarily on one of these systems. Interestingly, treatment of chick embryos with H ϩ /K ϩ -ATPase inhibitors randomized the expression of both LPM and head expression of car independently (Supplemental Table S2C available , 2000) . Thirdly, a heterotaxic phenotype suggests that the initial could account for the apparent discrepancy between the knockout phenotypes and our data. At least two biasing mechanism that orients LR axis in the embryo is either nonfunctional or uncoupled from organ morisoforms of the H ϩ /K ϩ -ATPase are known to exist and it is plausible that compensatory or redundant function phogenesis, a conclusion supported by the loss of sided expression of all normally asymmetrically expressed in the early embryo masks a laterality defect. Pharmacological studies, as we have done here, can be informative genes examined (Figures 2, 3 , and Supplemental Table  S2 available 
